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14.ABSTRACT
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Objectives: Develop a new class of high performance, large volume, low cost gamma-ray detectors. Our unique approach is to combine the high sensitivity of inorganic crystal scintillators with chalcogenide glass and glass ceramic technology. The material development effort will be aided by a new capability in time-resolved ultrafast X-ray spectroscopy (See Fig. A) . We will probe the dynamics of charge transport in the first picoseconds after an ionizing event. This will provide new insight on both deleterious trapping and chromophore capture that can be used to engineer and optimize scintillators. 
Accomplishments:
Material Synthesis Effort:
The scintillator fabrication efforts at LANL made significant progress during . this period. We have seen an optimization of both photo-luminescence and scintillation properties of cerium-doped gallium-sodium-sulfide (GNS:Ce 3 +) glass. The observation of scintillation is an important milestone that had eluded us in our initial work.
Of note is what we believe to be the first observation of X-ray excited emission in a sulfide glass. This was achieved by optimizing the material bandgap with a CsCl glass modifier.
The baseline matrix is Ga 2 S 3 -Na 2 S (GNS) glass doped with 1% CeC1 3 and different amounts of CsCI. The CsCl serves as a glass modifier that blue-shifts the bandgap (see Fig.l ). CsCl is ionic and penetrates the covalent gallium-sulfide glass network. This decreases the average covalency and increases the band-edge energy, enhancing the Ce 3 + quantum yield (see Fig. 2 ).
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Energ (e The key here was refining the synthesis procedure to compensate for evaporative loss of CsCI during glass melting CsCI has the highest vapor pressure of the glass constituents and partially evaporates. To combat this problem, the melt was biased with excess CsCl to exactly compensate the evaporative loss. Optimized GNS:Ce,Cs glass showed efficient photoluminescence in the green when excited with a cw light-emitting diode at 435 nm at 300 K (see photograph in Fig.3 ). Figure 3 depicts the scintillation spectrum from such a GNS glass doped with 20% CsCI and 1% Ce 3 + X-ray excited with 25 ke V X-rays at 300 K. corresponding to a photon energy of-51 e V As shown in Fig. 4 , the major portion of the ultrafast XUV system for dynamic transport characterization ofthe scintillators is now in place. Amplified laser pulses having 35 femtosecond duration and >3 mJ energy are focused into a carefully designed chamber containing noble gases of Ar, Ne or Helium. The intense electric field ionizes these atoms, accelerates the ionized electron and, within one optical cycle, smashes the electon into the parent ion thus producing an XUV bursts. This process is called high-harmonic-generation (HHG) and has been also employed to generate attosecond pulses in a number of groundbreaking experiments in recent years. We are the first to exploit this short bursts of XUV radiation to investigate transport dynamics of scintillators in order to understand the electron-chromophore capture rates and subsequent quantum yield correlations at various temperatures. To achieve this, the XUV pulse is exited through an aluminum filter (to remove the IR laser background), entering a liquid nitrogen (LN2) cryostat which houses the scintillator material at a controllable temperature of 70-400 K. The initial experiments were conducted on a commercially available and well-known scintillator crystal (Tl:Csl) which will be used as a reference material. The resulting luminescence is then collected by a high numerical aperture lens and is detected by a high speed photomultiplier tube (PMT).
For calibration purposes, we investigated time-resolved scintillation in a standard Tl:Csl which is known to have a Light Output (LO) > 65,000 photons/MeV. We measured rise-time and decay-time of the luminescence as a function oftemperature from T=300 to 100 K as shown in Fig. 5 . Our preliminary experiments on GNS glasses exhibit much faster dynamics (rise-time) than Csl as shown in Fig. 5 . Time (llsec)
Fig. 5 Time-resolved scintillation count due to femtosecond XUV (:::t50 e Ji) excitation in Tl:Csl at room temperature. The inset shows the measured rise-times and fall-times versus temperature. These data are consistent with that of Ref [1 , 2}
We completed the construction of the ultrafast XUV characterization system. Using supplemental funds from a DTRA congressional funding and an NSF MRI grant, we acquired an amplifier (Coherent Legend II) and an XUV spectrometer (Model 248/31 OG-1, McPherson Inc.) that are now integrated with the XUV system as shown in Figure 4 .
We are the first to use these short bursts of XUV radiation to probe transport dynamics of scintillators. We wish to understand the electron-chromophore capture rates and subsequent quantum yield correlations at various temperatures. To achieve this, the XUV pulse exits the generation cell through an aluminum filter that removes the IR laser background. It then enters a liquid nitrogen (LN2) cryostat that houses the scintillator material at an adjustable temperature of70-400 K.
Initial experiments are conducted on a commercially available and well-characterized scintillator crystal ( After establishing a baseline performance with TI:Csl, we tum our attention to investigating Ce:GNS glass scintillators synthesized by our collaborators at LANL. The scintillation traces after ultrashort XUV excitation are shown in Fig. 7 for various temperatures. We note that, unlike Tl:Csl, the quantum yield (i.e. the scintillation signal) of the Ce:GNS sample increases as temperature is lowered to 77K.
The thermal quenching process is as a consequence of proximity of the Ce The transport dynamics (i.e. rise and decay time characteristics) of the TI:Csl are long enough that conventional detectors and electronics can resolve them. This is not typical of most scintillators, where rise times are most often on the 1-100 ps time scale. To resolve such fast transients, we are using a Kerr-gating technique as shown in Fig. 8 .
This configuration has now been set up in our laboratory. For calibration purposes we measured the gating of the second harmonic pulse (at A-=400 nm). The result is shown in the inset of Fig. 8 , indicating a response time of about 5 ps. Work is underway to apply this unique capability to investigate the risetime of various inorganic scintillators including the novel materials synthesized by our LANL collaborators. 
Growth of Nano-Structured Glass-Ceramic Scintillators:
With rather poor performance of the Ce:GNS scintillators, our focus was shifted towards Ce-doped glass ceramics scintillators. Several approaches are currently being pursued in the community to create highperformance scintillators that can be produced in large volumes at low cost. This includes nano-composite scintillators consisting of nano-phosphor dispersed in a polymer matrix, ceramics made from thermally sintered polycrystals, and amorphous glasses . This is a nascent field of material science, and each of these technologies faces specific technical risks and limitations. The ' proposed glass-ceramic scintillators are an attractive alternative to the above approaches as they can avoid many of the technical challenges these approaches are facing. Our team members at LANL have recently demonstrated the first efficient gamma-ray scintillation from a Y AG:Ce glass-ceramic (see Fig. I 0) . While this was a small sample that was opaque because of the crystallites in the glass matrix being micron rather than nano-sized, this preliminary result demonstrates the unique potential of glass-ceramics as efficient and robust gamma-ray scintillators. The proposed work will explore and optimize glass-ceramic growth processes in detail and establish the conditions that are necessary to produce transparent samples with high scintillation efficiency at low cost. Initial experiments involved excitation of Ce:Y AG-GC by femtosecond pulses at the wavelengths of 400nm and 267nm corresponding to the 2"d and 3rd harmonics of the Ti:sapphire laser system. Fig. 11 shows the 5d~4f luminescence trace of Ce 3 + subject to 30 fs pulses at 267 nm. It is evident that two excitation mechanism exists involving electron-hope capture by Ce 3 + (fast risetime) followed by exciton~Ce 3 + transfer in later times .
. With the initial success of our synthesis procedure, our efforts are currently concentrated on the growth and characterization of Ce:Y AG glass ceramics.
Overall Accomplishments/New Findings: Ultrafast XUV spectroscopy system based on high harmonic generation (HHG) was set up to investigate the transport dynamics of scintillator materials. This is a unique system equipped with state of the art XUV spectrometer and low temperature capability. An ultrafast Kerr gating system was constructed that will render a temporal resolution of a few picoseconds.
On the material front, Ce:GNS glasses were synthesized and their x-ray scintillation properties were demonstrated for the first time. Upon ultrafast dynamics and photon yield measurements, it was concluded that
